We report measurements of magnetization reversal in the Fe8 molecular magnet using fast pulsed magnetic fields of 1.5 kT/s and in the temperature range 0.6-4.1 K. We observe and analyze the temperature dependence of the reversal process, which involves in some cases several resonant spin levels. Our experiments allow observation of resonant quantum tunneling of magnetization up to a temperature of ∼ 4 K. The results can be mainly explained in the framework of the thermally activated Landau-Zener transitions in the Giant Spin Approximation (GSA), although data challenges the model showing a shift of the resonant fields in temperature. This effect could be explained either with the presence of higher order terms in the Hamiltonian or with the existence of a magnetic deflagration process.
INTRODUCTION
Single molecule nanomagnets have been of great interest because of their quantum effects [1] [2] [3] [4] [5] [6] [7] and possible applications in quantum computers [8, 9] or magnetic refrigerants [10] . Spin level populations in nanomagnets are easily manipulated by modifying their energy with external magnetic fields. Among the large set of synthesized molecule magnets, Mn 12 and Fe 8 have been the most studied because of their relatively easy preparation, large molecular spin, and large magnetic anisotropy. Dynamics of spin at low temperatures had been studied−including quantum tunneling magnetization (QTM) [2] and electron paramagnetic resonance (EPR) [11, 12] −and has been described through the so-called Giant Spin Approximation (GSA) [1] that assigns a single spin quantum number, S, to the ground state magnetic levels. Effectively the spins relax toward equilibrium through a combination of thermal activation and quantum tunneling [2, 6] .
Fe 8 was initially prepared by Wieghardt et al. [13] and has shown clear evidence of QTM [5, 7, [14] [15] [16] . At low temperatures, the eight iron cations assemble couple in such a manner that give rise to a high spin S = 10 molecule with an anisotropy barrier height of about 27 K. The spin Hamiltonian for the Fe 8 is given by [14, 17] H = −DS where anisotropy constants D and E are 0.292 and 0.046 K respectively and g = 2.13. Both anisotropies have been extensively measured through high frequency-EPR [17] and neutron spectroscopy [18] . The first term in the Hamiltonian defines the anisotropy barrier and creates an easy axis (z-axis) for the magnetization. The second and third terms break the rotational symmetry of the Hamiltonian and are responsible for the tunneling of the magnetization. The term H ho stands for high order terms−that will be discussed later on the text. The last term of the Hamiltonian describes the Zeeman energy associated with an applied field H z in the direction of the easy axis.
In this Letter we investigate the temperature dependence of the magnetization reversal in the Fe 8 molecular magnet under fast pulsed magnetic field of 1.5 kT/s. Such a fast sweep rate allows observation of quantum tunneling of the magnetic moment at high temperatures up to ∼ 4 K. The measurements of spin dynamics are modeled with a Landau-Zener transition rate and our results suggest either the presence of higher order terms in the Hamiltonian or the transition to a magnetic deflagration.
Experimental set-up
A single crystal of Fe 8 molecular magnet, which comprises the dimensions of length 1 mm and aspect ratio of about 10 was used for the present investigation. Pulsed magnetic field measurements of 1.5 kT/s were performed at the Pulsed Fields facility of the Katholic University of Leuven, Belgium. A coil with an inductance of 650 µH was used to generate magnetic field pulse. This facility allowed us to go up to 70 T with pulse duration of 20 ms by discharging the capacitor bank through specially designed magnet coil [19] . Magnetization reversal was detected using a compensated coil (See Fig. 1a ). ComarXiv:1403.2544v1 [cond-mat.mes-hall] 11 Mar 2014 pensation of the coil was done by tuning the number of inner and outer windings. The compensated coil was sensitive to the signal coming from the sample and insensitive to the signal coming from the applied pulses. Low temperatures down to 0.6 K were achieved using a He 3 cryostat. The sample holder was made with non metal and submerged in liquid He 3 during the measurements. The temperature was varied in the range between 0.6 -4.1 K by pumping the helium with a precise control on the needle valve. The crystal was initially magnetized to negative saturation at a fix bath temperature. Then we swept the magnetic field at an ultra fast rate of 1.5 kT/s, so the Fe 8 crystal is in a non-equilibrium magnetization state, as shown in Fig. 1(b) . We recorded the signals of the compensated coil during the complete field sweep. The magnitude of the peak voltage captured with the coils, V , indicates the reversing of the spins, being therefore V ∝ dM/dB of the sample. Figure 1(c) shows the resulting magnetization reversal as a function of the applied field.
Results Figure 2 shows the temperature dependence of the magnetization reversal for a sweeping magnetic field of 1.5 kT/s. The two panels show the same data plotted in different ways; in (a) we can see the variation in amplitude of the peaks whereas in (b) we perceive the resonance field variation. We first highlight that, depending on the temperature, the resonant field H z = nH R (with H R ∼ 0.24 T and n the order of the resonance) changes, from the third resonance at low temperatures T < 1.2 K to the first resonance at high temperatures T > 2.5 K. Secondly, we observe that at certain temperatures, relaxation occurs throughout more than one resonance field. Finally, the magnetization reversal at 0.6 K and 0.7 K shows a different trend than the rest of the temperatures.
As we increase the temperature we see how the reversal of the magnetization occurs at lower magnetic fields while staying at the same resonant field. The position of the peaks move first within one resonance field and gradually jump to the next smaller resonance field where the peak position continues shifting with the same trend. The change from the third dominant resonant field to the second takes place around T ∼ 1.6 K whereas the change from the second to the first is around T ∼ 2.2 K. Detailed plots with peak analysis are displayed in Fig. 3 . The top panel of Fig. 3 shows the resonance field values of the reversing magnetization peaks as a function of the temperature, the middle panel shows the amplitude of the peaks, and the lower panel shows the peak width. Peak amplitudes shows a general decreasing trend with temperature whereas the peak width increases with temperature while staying at a same resonant field. This is clear in the low and high temperature regimes where only one resonance is involved in the spin reversion process.
Discussion
To understand the temperature dependence of the fast spin reversal we need to account for all transition probabilities among levels−thermal activation and decay and tunneling, likely Landau-Zener−and the level populations. The population variation of levels as a function of applied field, H z , and temperature, T , are well known; Fig. 4(a) shows the population of the lower levels for a large negative field (-1 T). This population configuration is similar to the population configuration right before the spins begin to relax towards equilibrium when H is swept to positive values. The transition probabilities among levels due to thermal effects can be calculated. We denote Γ m,m−1 the fre-H(T) 
We also need to know the probabilities/frequencies to go from m-th level in one well to m -th level in the other well when they are in resonance and there is quantum tunneling [14] . If one considers a sweeping field, Landau-Zener transitions be considered [7, 15] and the corresponding probabilities would be where ∆ m,m is the level splitting and v m is the speed of the m level detuning (i.e. the energy sweep rate that in our case is 1.5 kT/s).
The computation of the splitting ∆ m,m in a given sample is not easy because the crystal is a macroscopic object that has demagnetizing fields both h x and h z that depends on the crystal shape and the overall tunneling is very sensitive to the transverse applied fields and it has a parity effect [5] . For instance, in absence of applied h x , a single molecule will only have tunneling at the even resonances (n = 0, 2, 4 . . . ). However, experimentally it is observed that both even and odd resonances show quantum tunneling. The presence of transverse fields varies critically mixing among spin states and allows tunneling between odd resonance levels [5] . In order to calculate the values for the level splittings we consider the simples case where there are no transverse fields (i.e., we have to compute even resonances). Using perturbation theory [1] the values in Kelvin for the tunnel splitting for the lower spin levels are the following: We assume here the spin reversing path goes from the level m = −10 to m = −8 or m = −7, it tunnels to m = 6 or m = 5 and finally decays down to m = 10 [See, Fig. 4(b) ]. In such case (assuming the probability P is very small so all the spins in the level m = −8 would immediately tunnel to m = 6) our system would almost be equivalent to a single double well potential with a barrier high set by the energy difference of the levels m = −10 and m = −8, which is around ∼ 10 K. Experimental data shows that the spin reversing occurs in about 20 µs (∼ 0.035 T in a 1.5 kT/s sweeping field). If we combine a 20 µs time with a 10 K barrier hight we obtain a blocking temperature (i.e., the temperature that would allow spins to reverse towards equilibrium) that is exactly 1.8 K.
Our experiments show a variation of the resonance field within the same resonance level that seems counterintuitive; spin energy levels of Fe 8 do all resonate at the same applied field (the spin hamiltonian does not have S 4 z terms) and one would not expect any shifting of the resonance fields when increasing the temperature. Our explanation involves either the presence of higher order terms in the Hamiltonian or the occurrence of a critical reversing process such as magnetic deflagration [20, 21] Higher order terms (H ho ) in the spin Hamiltonian, Eq. 1, such as S 4 z would make that resonance levels have a non-even spacing as happens, for instance, in Mn 12 . Higher order terms were actually measured [18] in Fe 8 crystals and values that were about 4 orders of magnitude smaller than D from Eq. 1 were reported for the S 4 z . However, a much larger fourth order term would be necessary to explain our data. Experiments at much lower sweep rates were reported in a Mn 12 molecule magnet [22] where the fourth order term is only two orders of magnitude smaller than the uniaxial anisotropy constant and these results show a shifting of the reversal spins in the same resonance field. Our calculations show that a fourth order term of being about three orders of magnitude smaller than the uniaxial anisotropy D would be necessary.
An alternative explanation would account for the possibility of the emergence of a magnetic deflagration accompanying the spin reversal initiated via LandauZener [21, [23] [24] [25] . Magnetic deflagration has been largely studied in Mn 12 -ac and also experiments at high field sweep rates [26] have been reported. In a magnetic relaxation process there is a competition between heat produced by the reversing spins and heat diffused throughout the sample; if the diffusion cannot compensate the reaction term the process becomes unstable and some magnetic materials [23, 27, 28] experience a transition between thermal relaxation and a fast propagating spin reversal process named magnetic deflagration [21] . So far, we are unaware of any reported evidence of magnetic deflagration in Fe 8 .
The dynamics of the magnetization system when relaxing could described by the following equationṡ m = −Γ(m − m eq ),Ṫ =ṁ∆E/C + ∇ · κ∇T, (4) where Γ = τ −1 is the relaxation rate, m eq is the equilibrium magnetization, ∆E the energy released, C the heat capacity and κ the thermal diffusivity. The condition for the system to lose the stability is given bẏ
and more precise expressions could be obtained theoretically [25] . The same argument was used in [29] to describe the spontaneous magnetic deflagrations in Mn 12 -ac at lower sweep rates; the mentioned manuscript shows how the reversing of spins through magnetic deflagration jumps from the fourth to the third resonance field when changing the temperature. For quantitative calculations we followed the approach described in [29] where the parameters for Mn 12 -ac (this time with no fourth order term for simplicity) were used. The keynote here is that the magnetic deflagration is an instability in the magnetic relaxation process and therefore it is a critical process on the initial parameters.
Finally, we note that the lowest measured temperatures (0.6-0.8 K) show a clear difference in the magnetization reversal when comparing it with all other higher temperatures. This anomaly suggests that the reversing of spins may be dominated by another mechanism. Magnetic relaxation mediated by collective electromagnetic emission has been shown to occur in Fe 8 at T = 0.6 K when a magnetic field is swept at high rates [30] [31] [32] . In that case, spins collective decay to the magnetic equilibrium via Superradiance resulting in an acceleration of the magnetization reversal. Such effect would translate to a reduction of the resonance magnetic field and with an increasing of the peak amplitude, which is consistent to our measurements. For other temperatures (T ≥ 0.8 K), the system might not emit and the process might be therefore mediated by Landau-Zener transitions−together with magnetic deflagration.
In conclusion we have measured spin reversal through quantum tunneling at temperatures up to ∼ 4 K in the Fe 8 molecular magnet using ultra fast pulsed magnetic fields of 1.5 kT/s. Measuring with high field sweep rates allowed us increasing the blocking temperature and thus we studied quantum spin dynamic effects with spin populations not restricted to the ground states. Our experiments show a temperature dependence of the spin reversal that suggests either i) the presence of large high order terms in the spin Hamiltonian or ii) the spin reversal undergoeing a magnetic deflagration. Regardless of whether one or the other interpretations are more suitable, this work provides valuable information about the spin dynamics in the Fe 8 single molecule magnet at high field sweep rates and as a function of the temperature.
